This study investigate the use of ion radiography as a tool for patient set-up and tumor tracking capabilities for image guided particle therapy (IGPT) using Monte Carlo simulations.
Introduction
Proton radiography as a radiological tool was first investigated in the early 1970s and 1980s (1, 2) . However, such technology was outshone by its less expensive alternative, X-ray radiography, which quickly became the most common cancer diagnostic tool in hospitals. Protons and more generally ions, have nonetheless been increasingly attractive to the radiotherapy community due to their finite dose distribution. Proton and carbon ion radiotherapy centers are slowly proliferating, and more appropriate tools are required in order to fully take advantage of ion's dosimetric qualities. Currently, clinics rely on X-ray imaging for patient set-up, and image guided radiotherapy is achieved through tumor tracking using external devices. The use of ion radiography could therefore represent a significant improvement in ion radiotherapy: from a patient set-up point of view, this would reduce the potential misalignment between the current set-up X-ray beam's eye view and the therapeutic ion beam's eye view while greatly reducing the imaging dose delivered to this patient; from an image guided particle therapy (IGPT) standpoint, it could be used seamlessly during treatment for tumor tracking and on-line dose delivery adjustment.
Conventional X-ray radiographs are simple fluence images behind the patient, on the other hand, ion radiographs convey slightly more information as they correspond to "range maps" of the patient (3) . Currently, the main limitation of ion therapy resides in the range uncertainties due to cavities and other morphological changes that occur over the duration of the treatment. Thus, ion radiography could help reduce these uncertainties by providing water-equivalent thickness (WET) data through the patient.
Recent work on proton radiography has been taking a special interest in its intrinsic imaging qualities (3) (4) (5) (6) (7) (8) . Although proton radiography shows poorer spatial resolution compared to X-ray radiography, it shows much better density resolution (8) , which is highly significant for tumor edge delimitations as well as for the tracking of a moving target. The physical properties of carbon ions are greatly similar to the ones of protons, and the results are therefore expendable. Furthermore, carbon ions do not suffer multiple coulomb scattering (MCS) which thence results in a significantly higher spatial resolution compared to protons.
This study focuses on the feasibility of using ion imaging, specifically radiography, as a tool for daily patient set-up and image guided therapy through on-line tumor tracking. Patients presenting various tumor sites were selected in order to show distinct advantages. In order to reduce the development cost of such project, this preliminary study focuses on the use of Monte Carlo simulations as a validation of the concept. Furthermore, such computer simulations conveniently allow for the suppression of any bias from the current state of the art in ion detector technology (9) .
Materials and Methods

Patients
Four patients were selected for this study: one pediatric case and three adult cases, two with lung cancer and one with liver cancer, respectively.
The limitation of the radiation doses given to pediatric patients is extremely important as it can result in growth issues and the risk of future malignancies. Consequently, imaging doses should be minimized. The pediatric case consisted of a 3 1 ⁄2 years old's full body scan. It was a relevant case to investigate the ratio of the quality/dose compared with conventional X-ray imaging.
In order to study the use of ion radiography for direct tumor tracking, two lung tumor patients were selected. The first case was a female patient presenting a tumor in the lower region of the right lung with a significant motion amplitude (1 cm). The second case was a male patient with a tumor in the upper region of the right lung with a smaller motion amplitude (0.5 cm).
Finally, a liver case was selected due to the presence of fiducial markers. The latter was relevant to investigate the feasibility of using ion radiography for indirect tumor tracking.
Monte Carlo Model
Ion radiographs were produced using the Monte Carlo toolkit GEANT4 version 9.0.p01 (2007) (10) . The physics 
Image Reconstruction
Ion radiographs differ from conventional X-ray radiographs in that they are not "fluence maps" but rather "range maps". Indeed, each pixel value corresponds to the average waterequivalent path-length R abs through the patient. The latter is obtained by subtracting the exit energy of a particle to its entrance energy and further convert the average value from all particles to a water-equivalent range using an interpolation of the standard ICRU49 data (13) .
An ion radiograph reconstruction software, so-called PRcreator, was developed by the authors using Matlab TM version 2010a (The MathWorks Inc.), and is freely available upon request to jseco@partners.org. The reconstruction algorithm of the software is based on a so-called most-likely path (MLP) formalism of Williams (14) , conceptually based on earlier work by Schneider and Pedroni (3) . This technique was further evaluated for proton CT reconstruction by Li et al. (15) and their fast cubic spline path estimation was implemented for PR-creator. Readers should refer to the aforementioned study for further details on the algorithm. PR-creator allows the user to load the data from Monte Carlo simulations (note that the code can easily be modified to consider experimental data) and reconstruct the ion radiographs based on different options such as angular and energetic cuts (cf. Figure 2 ). All particles undergo deflections and energy loss in the patient; largely deflected particles and/or with major energy loss due to nuclear interactions are improperly settings described by Jarlskog and Paganetti (11) were used in order to correctly track ions, and the code was modified in order to incorporate the required geometry and experimental specifications. Scanned pencil beams (monochromatic and unidirectional) of 230 and 330 MeV protons, as well as 500 MeV/nucleon carbon ions, covering a 40 cm 2 homogeneous area were simulated through the patients. On average, twenty million histories (primary particles) were simulated to produce proton and carbon ion images.
For each radiograph production, the corresponding patient computed tomography (CT) data was imported into GEANT4. The CT data were acquired on a GE LightSpeed QX/i with a 512 3 512 matrix size. The Hounsfield unit in each voxel was subsequently converted to a corresponding material definition; this conversion was first described by Paganetti et al. (12) . Although this conversion first included 24 different tissue definitions with 24 densities, an improved implementation, including the same 24 tissues but a total of 4,071 densities, was used in this study which therefore allowed for proper interaction calculations.
Energy, Cartesian coordinates and direction cosines were recorded for each primary particle crossing a plane 1 cm before the patient, as well as for each primary or secondary ion crossing a plane 1 cm behind the subject. Furthermore, a track-ID number was registered for each event in order to appropriately associate a particle in the rear plane to its incident particle in the fore plane. The set-up is shown in Figure 1 . handled by any reconstruction technique, even MLP based, and therefore create noise in resulting radiographs. Thus, these angular and energetic cuts allow to set user-based thresholds in order to obtain the best radiographs possible.
In this study, radiographs were generated as 1024 3 1024 pixel images, corresponding to a 0.4 mm/pixel resolution, along with appropriately chosen energetic and angular cuts in order to appreciate the tumor location at its best. It should be noted that the software also allows the user to apply a windowing filter on a specific region of interest (ROI) which can further help locating the tumor edges.
When relevant, and in order to fully appreciate the tumor motion, breathing cycle sequences were produced as a movie; each CT phase radiograph was individually reconstructed beforehand using the PR-creator software.
Contrast-to-Noise Ratio
Contrast-to-noise ratio (CNR) values were evaluated for each radiograph presented in this study.
Where f is the average image value in a tumor sample, b the average image value in a surrounding tissue sample, and s {f,b} their respective standard deviations. CNR is an important medical imaging measure as it describes how visible a tumor is compared to its background.
Analyses were performed using ImageJ TM Linux version 1.46a (NIH). The process is not detailed here but can rather be found in our previous study (2011) (8) in which proton and X-ray imaging quality were compared. Figure 3 shows a side-by-side comparison of the scout (120 kV210 mA20.597 mm 3 0.545 mm voxel size) taken at the time of CT imaging and a generated 230 MeV proton radiograph for the pediatric patient.
Results
Pediatric Patient
The known limitation of proton radiography resides in its poor intrinsic spatial resolution (3). However, it was shown in a previous study performed with a less efficient version of the PR-creator software, that applying the appropriate cuts in range (energy) and angular distribution results in a clinically relevant image quality (8) . The evaluated CNR for the scout and the radiograph are 4.2 and 2.0 dB, respectively. Although the proton radiograph presents a lower image quality, in such pediatric cases the bony structures are clearly visible which therefore allows for patient set-up prior to radiotherapy. This emphasizes the possible gain in using proton radiography for patient set-up purposes as the imaging dose could be reduced by an order of magnitude, as later discussed. This is particularly relevant in pediatric patients for which a small radiation dose often leads to irreversible damages.
Moreover, patient set-up using the proton beam itself would be beneficial for delivery uncertainties. Currently, clinics use an in-field X-ray tube that might present a slight misplacement in position compared to the therapeutic proton beam. This is usually clinically irrelevant for double scattering proton treatments since the whole field is treated at once, centered on the tumor with added set-up margins. On the other hand, this becomes a more delicate issue for scanned proton beams as it is considerably more difficult to accurately assess the exact beam position.
These findings can be extended to various type of heavy ion radiography system, such as carbon ion imaging, with similar or higher particle energy, due to the similarity in physical properties.
Moving Tumor Cases
Lung Patients: Reconstructed radiographs for a lung patient using the three different suggested beams are presented side by side in Figure 4 . For each energy, the tumor edges are clearly defined and the motion is easily appreciable. This shows that, using an ion delivery system for which the particle energy can be quickly modulated, 4D imaging of the patient during treatment is possible. By implementing a "gating" system and synchronizing the imaging process with the beam delivery, this could further lead to direct IGPT.
The evaluated CNR for each reconstructed radiograph is as follow: 4.7 for the 230 MeV proton beam, 6.1 for the 330 MeV proton beam, and 9.3 for the 500 MeV/nucleon carbon ion beam. The higher CNR values in comparison to the pediatric case are explained by the high density difference between the tumor and its surrounding lung tissue. As expected from earlier studies (3-8), a more energetic proton beam results in better spatial resolution, hence clearer tumor edges and better IGPT capabilities are shown. This also corresponds to a deeper range, hence a longer plateau region of the beam, which results in a lower imaging dose, as well as a significant increase in the maximum patient's thickness that can be imaged. The carbon ions, undergoing much smaller deflections than protons, result in much higher imaging quality and would therefore be highly suitable for direct IGPT use. The CNR values for these two radiographs are 4.9 and 6.1, respectively. The first/female patient's radiograph (right) presents a slightly decreased spatial resolution versus the second/male patient's image (left). This is mainly due to the difference in body thickness and the presence of a large breast in the female case, which further emphasizes the significant potential of using a more energetic beam for imaging purposes.
These two patients have significant differences in tumor location, size, and amplitude of motion. The tumor motion is clearly appreciable in both dynamic sequences (0.5 cm in the female case and 1 cm in the male case). This result highlights the fact that radiography could be used for IGPT for a large range of clinically relevant tumor motion amplitudes and locations within the lungs. Due to this known limitation, it is common to insert gold seeds (fiducial markers) around the tumor for patient setup purposes. These fiducial markers can therefore be used to locate the tumor in real-time and lead to IGPT. However, although not shown here, a 230 MeV pencil proton beam fails to highlight the fiducial markers due to the MCS component of the beam. The low spatial resolution of the images shows that a "low" energy beam is not suitable for indirect IGPT. On the other hand, the fiducial markers are visible on both a 330 MeV proton pencil beam and a 500 MeV/nucleon carbon pencil beam radiographs.
Depending on their locations, one can have difficulties discerning the gold seeds with protons even at higher energies (330 MeV), for instance, the seed aligned with the spine is not visible in Figure 6 . Indirect IGPT could therefore only be implemented at centers with a high energy beam line (330 MeV) and most likely on a patient specific basis. Due to their intrinsic higher imaging capabilities (significantly lower beam scattering compared to protons), carbon ions lead to a better definition of the fiducial markers' edges, and are thence more suitable for indirect IGPT.
Discussion
The usefulness of protons and carbon ion imaging for patient set-up and tumor tracking capabilities was demonstrated.
Pediatric patients could truly benefit from such technology due to the lower imaging dose. Indeed, due to their significantly different dose distributions, ions, and photons do not deliver equal doses to the patient during the imaging process. Photons deposit most of their energy in the entrance region and then slowly attenuate throughout their path. On the other end, ions present a low dose plateau region at the entrance and then deliver most of their energy (80%) in the Bragg peak region. The higher the ion energy the longer the plateau region. During imaging, it is ensured that the ion beam exits the patient within its plateau region, thence ensuring an optimally low imaging dose compared to conventional X-ray radiography. Moreover, the radiographs presented in this study were generated using twenty million particles. It was demonstrated in our previous work (8) that such radiographs, generated with protons, account for approximately 0.002 mSv. For comparisons sake, the Health Physics Society recommends a delivered dose of approximately 0.02 mSv for a current conventional chest X-ray (16, 17) . In the case of heavier particles, such as carbon ions, the delivered imaging dose would be even lower; the effective dose equivalent ratio, however, would slightly worsen due to the particles' higher RBE.
The spatial resolution observed in this study is rather high due to the use of an MLP-based reconstruction algorithm. Although more accurate than linear-path algorithms, these MLP techniques default from the fact that they are defined in homogeneous water phantom models, and that they might also depend on the ion considered. More work is currently in progress in order to obtain, in the best cases, sub-millimeter spatial resolution.
The imaging quality presented here is better than that of an actual imaging system. This is because perfect detectors were considered in these simulations due to the current poor stateof-the-art in ion detector technology. On the other hand, the simulations suffer from the known small uncertainties in the Hounsfield unit values obtained from the CT scanner (1%), as well as in the material conversion in GEANT4 (2%). This could therefore be responsible for a slight decrease in the best achievable spatial resolution. Based on much higher resolution phantoms, our previous study (8) showed that proton radiography offers significantly greater density resolution than conventional X-ray radiography, thus, simulating through an "actual" patient might lead to better results than the ones discussed in this study.
The patient was considered imaged instantaneously through each phase of the breathing cycle. In reality, with a scanned ion beam, there might exist some 4D interplay effects due to the tumor motion. These effects, believed present during scanned ion radiotherapy yet currently not well defined, were ignored due to the high speed of beam scanning systems. Indeed, with no change in beam energy and very low intensity, the time it takes to acquire an image is negligible in comparison to any tumor motion. The reconstruction/processing time, however, would have to be precisely calibrated based on the actual detector technology in order to offer tumor tracking.
Another limitation of this study could be seen in the choice of using an uncommonly high 330 MeV proton beam. Although it is true that current commercial systems deliver 235 to 250 MeV protons for economical reasons, in the coming years proton accelerators will offer higher beam energies as proton imaging devices emerge.
Finally, it should be noted that, with the emergence of more advanced imaging system for ion radiotherapy planning such as ion CT, the need for fiducial markers might disappear. In cases such as liver patients this would result in the infeasibility of indirect IGPT, while direct IGPT might not be suitable due to the lower resolution of ion radiography.
Conclusions
Evaluation of ion radiographs generated using the PR-creator software shows that our reconstruction algorithm offers high image quality. This further translates into the clinical relevance of using ion radiography which could improve both the set-up and the radiotherapeutic treatment of cancer patients.
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The use of ion radiography for patient set-up would not only minimize the imaging dose delivered to the patient, especially significant in pediatric cases, but also reduce the delivery uncertainties by using a single beam for both set-up and treatment.
The high density resolution of ion radiography also results in the easy detection of tumor edges in the lung, hence suggesting the feasibility of using ion radiography as a tool for direct tumor tracking.
In more homogeneous tumor sites such as in a liver patient, the tumor edges are not clearly visible, and the use of fiducial markers can participate in indirect tumor tracking. The latter, however, necessitates a high energy proton beam (330 MeV) as the limited spatial resolution at lower energies which makes it impossible to accurately determine the fiducial markers' position. Carbon beams can further help to overcome this issue due to their known greater intrinsic imaging properties.
This highlights the possibility of using ion radiography for IGPT purposes with an appropriately tuned machine. The use of IGPT could further lead to adaptive ion therapy in which the dosimetry and tumor position are constantly taken into account during the delivery process.
It should be noted that CT-based simulations are convenient for patient imaging studies, however this process might result in added uncertainties in the body composition. A future study using a better simulation model for the patient could lead to better results than the ones presented in the study.
